difference between the thermal structure of an equilibrium ocean and that of an old continent. Thus the concept of the lithosphere as a combination of a mechanical and a thermal boundary layer can be applied to both oceans and continents. We evaluate the constraints placed on models based on this concept by seismological observations. In the absence of compelling evidence to the contrary we favor these models because they provide a single explanation for the thermal structure of the lithosphere beneath an equilibrium ocean and a stable continent. Our objective is to increase our understanding of the largescale mechanism of heat transport within the earth. We separate this review into two parts.
INTRODUCTION
In the past 15 years our understanding of the earth has changed. Rather than regard the oceans and continents as static and unrelated, we now think of them as mobile and inPaper number 9R1283. 269
terconnected. The theory of plate tectonics accounts for the major features on the surface of the earth by the motion and interaction of a finite number of rigid plates. These plates are defined tectonically and include both oceans and continents. The oceanic crust is younger than 180 Ma (180 m.y.B.P.), whereas parts of the continents have existed throughout the whole geological. time span: the oldest continental crust is Archean and older than 3800 Ma. The mechanisms of heat transfer beneath continents and oceans may be different, and we consider the oceans and continents separately rather than studying a single plate.
In the past 10 years many new heat flow measurements have been reported in the geophysical literature. They have been assembled under the auspices of the International Heat Our objective is to increase our understanding of the largescale mechanism of heat transport within the earth. We separate this review into two parts.
In the first section, which is almost totally empirical, we present a general synthesis of oceanic and continental heat flow data and examine both sets of data within the framework of the theory of plate tectonics. Care is taken in the oceans to account for hydrothermal circulation, and on the continents, consideration is given to the relation between heat flow and surface heat production. We use our understanding of geologic perturbations to establish a relation between heat flow and age for both continents and oceans and account for this relation by models of oceanic and continental heat flow which are compatible with the theory of plate tectonics and uniformitarian in principle. We compare the heat loss through continents and oceans, estimate the amount of heat dissipated by the creation of the oceanic lithosphere, and compute the total heat loss for the earth.
Given the success of the plate theory in accounting for geophysical observations from the oceans, attempts are now being made to apply this quantitative approach to the continents. The success has not been overwhelming, but a productive line of research has been to relate the past geologic record to processes which are active today. In the second section we use this approach and the data and models from the preceding section to examine the thermal structure of the oceanic and continental lithospheres. In particular, we investigate whether or not it is possible to extend the simple thermal models for the oceans to the continents.
Introduction
We superimposed all the heat flow values upon an isochron chart of the oceans (Plate 1). A detailed account of the methods used to determine the age of the ocean floor can be found in Appendix A. The data include the compilation of Jessop et al. [1976] For purposes of comparison we separated the data set into six groups; North and South Pacific, North and South Atlantic, the Indian Ocean, and the marginal basins. We define as 'marginal' all basins isolated from active spreading centers by clearly defined tectonic barriers. For example, in the western Pacific all the basins to the west of the major trench system are included. They extend from the Tasman and South Fiji Basin in the south to the Bering Sea and Arctic Basin in the north. Our definition also encompasses the Caribbean, the Mediterranean, the Black and Caspian seas, and the Scotia Sea together with the Andaman and Sunda seas in the Indian Ocean.
Unfortunately the 1: 10,000,000 scale that we used was not sufficiently large. Hence in our averaging we may have omitted a few values, especially on younger ocean crust. A careful double check of these areas with the original references showed that the errors introduced were insignificant.
Data Analysis
We computed the mean and standard deviation for all data lying between two isochrons. Throughout the study we use the term age province to define the area between two consecutive isochrons. In particular, the youngest province covers crust created between the present and 4 Ma, and the oldest, crust created prior to 160 Ma.
In all the oceans we observe the same distribution of heat flow (Table 1 and Figure 1 ). For the young crust the mean is high, ranging from 2 to 6/•cal/cm 2 s (84 to 251 mW/m2), and is associated with a large scatter of about 2/•cal/cm 2 s (84 mW/m2). Beyond 60 Ma the mean heat flow has a relatively constant value of around 1.2/•cal/cm 2 s (50 mW/m2), and the associated scatter is small, less than 0.5/•cal/cm 2 s (21 mW/ m2). The abnormally high scatter in the younger two provinces of the Indian Ocean is a direct consequence of the high but very variable heat flow observed in the Red Sea. The marginal basin heat flow has the same distribution as the oceans.
Thermal Models of the Lithosphere
The oceanic crust is created at a spreading center by intrusion of magma. The magma cools and anneals itself to the recently created crust and moves away from the spreading center as more magma is intruded. The oceanic crust increases in age, loses heat to the seawater, and contracts. This model explains qualitatively the decrease in heat flow with age and the subsidence of midocean ridges. The raw heat flow data are highly scattered. Hence more emphasis has been placed upon 
N is the number of heat flow stations, m is the mean heat flow in/•cal/cm 2 s (mW/m2), and o is the standard deviation in/,cal/cm • s (mW/m:).
the study of ocean floor topography in developing quantitative models for the creation of the oceanic lithosphere.
Sclater et al. [1971] have shown that most midocean ridges are created at a depth of 2500 m and subside to depths greater than 6000 m (Figure 2a ). For crust younger than 80 Ma the depth increases linearly with the square root of age [Davis and Lister, 1974] . For older ocean floor this relation breaks down, and the depth increases exponentially to a constant value of 6400 m (Figure 2b ) [Parsons and Sclater, 1977] . This two-stage relation between depth and age can be explained by the formation of a thermal boundary layer. The magma cools and solidifies as it moves away from the spreading center, and the thickness of the rigid layer thus created increases (Figure 3a) . Parker and Oldenburg [1973] predicted from a one-dimensional cooling model that the layer thickness should increase as the square root of time. This upper layer behaves as a rigid body and is known as the lithosphere. After it reaches a certain thickness at about 80 Ma, it does not thicken any further. This represents the basic justification for modeling the thermal boundary layer as a plate of constant thickness [McKenzie, 1967] (Figure 3b ). Parsons and Sclater [1977] demonstrated that for crust younger than 80 Ma both the plate and the boundary layer models are essentially identical, and they used the two different approaches to compute first-order relations which match the topographic data (Table 2) . From these models it is possible to compute the heat flow through the ocean floor. Lister [1977] predicted a simple relation between heat flow and 1/t •/2. Parsons and $clater [1977] showed that this relation should break down at about 120 Ma and that the heat flow should then follow an exponential decay to a value of around 0.9/zcal/cm • s (38 mW/m 2) ( Table   2 ).
In order to compare the observations with these models we averaged the heat flow values for all the oceans. As is the case The oceanic crust is created by the intrusion of basaltic flows and dykes. Where the intruded magma comes into contact with seawater, it cools rapidly, horizontal and vertical cracks are created on both a large and a small scale, and active convection of seawater occurs. Independently, Talwani et al. [1971] and Lister [1972] [1977] have shown that the pattern of heat flow over a midocean ridge can be explained by this model (Figure 6 ). Most deep-sea sediments have a low permeability (J. Crowe and A. Silva, unpublished data, 1979) and in sufficient thickness are impermeable to seawater. Where the permeable crust is not covered, water circulates freely. A highly variable heat flow results, and the mean is lower than is predicted because conventional techniques cannot measure the heat loss by advection. When the crust is covered by a thick blanket of sediment, circulation still occurs, but no heat is lost by advection because the thick sediments are impermeable to seawater. In these areas the measured mean flux is a reasonable estimate of the heat flow at depth.
It is not our purpose in this paper to review the subject of hydrothermal circulation of seawater through the oceanic crust. An exhaustive investigation is presented by Lister [1974] . Anderson [1979] has reviewed the temperature gradient observations which may indicate seawater flow in thin sediments overlying permeable ocean crust. Corliss [1971] and Bottinga [1974] have analyzed the effect that this circulation has on the composition of the oceanic crust. Readers should consult these papers to obtain more detailed information concerning this rapidly expanding scientific field.
Reinterpretation of Oceanic Heat Flow Measurements
Recognizing the importance of hydrothermal circulation, Sclater et al. [1976a] reanalyzed all published data on the Pacific. They characterized the environment according to sediment thickness and topographic roughness. Each station was assigned an environmental quality factor grading from A through D (Figure 7) . Only the grade A stations where the [Davis and Lister, 1977] and in the vicinity of anomaly 13 on the Reykjanes Ridge yielded identical results [Sclater and Crowe, 1979] (Figures 8 and 9 ). Two well-sedimented areas in the Pacific, the equatorial sediment bulge and the Guatemala Basin, fall well below the theoretical heat flow. No detailed survey has been carried out over the Guatemala Basin. But J. Crowe and R. P. Von Herzen (personal communication, 1979) have shown that the low and variable heat flow values on the equatorial sediment bulge are associated with extreme basement relief and unusually permeable sediments.
Partially as a result of the above analyses, authors now show or describe the local environment of all heat flow stations. We examined these new data and found, particularly in the Indian Ocean (Figure 10 and (Figure 11 ). We reexamined data in the Norwegian Sea by plotting them on an isochron chart of the area ( Figure 12 ). As there were not enough data within a given age province to compute a reliable mean, we considered each of the grade A stations individually. The values which are all on young crust fall close to the theoretical expression for the heat flow (Figure 11) . At an active spreading center near the zone of intrusion the relation appears to break down. For example, Lawver et al. [1975] have measured the heat flow through the very young but well-sedimented Guyamas Basin in the Gulf of California. They found that in crust less than 2 million years old the mean heat flow falls below the theoretical value. A likely explanation is the discontinuous nature of the intrusion process [Lister, 1977] , which is not adequately represented in present thermal models. Fortunately, the effect of the initial conditions on these models is small (cf. Appendix C) and only important for ages less than 5 Ma. It does not affect significantly our estimates of heat loss.
From this reexamination
of the heat flow data we have established that for crust older than 2 Ma and covered by a thick layer of impermeable sediments there is a simple relation between heat flow and age. This relation is very close to that given by the models which account for the subsidence of the midocean ridges.
Marginal Basin Heat Flow
Watanabe et al. [1977] have recently reviewed the heat flow through the back-arc basins of the western Pacific. They emphasized that though the volcanic zone has a highly variable heat flow, there is still a detectable dependence on age in the back-arc basins. Rather than follow the strictly empirical approach of these authors we examined the data which include these back-arc areas, using our understanding of the heat loss through normal ocean floor. We considered each basin individually and calculated a mean and a standard deviation for the heat flow (Tables 5a-5c). They vary significantly from one basin to another.
We found it difficult for two reasons to follow the procedure developed in the deep oceans to establish a convincing relation between heat flow and age. First, the age of most marginal basins is unknown, and second, where it is known on the basis of magnetic lineations or deep-sea drilling holes, there are few heat flow measurements. (Table  6 ). In each of these basins the mean heat flow is close to the theoretical value predicted by the thermal models for normal ocean crust (Figure 13 ). This supports the ideas of Karig [1970] and others that marginal basins are formed by extensional processes similar to those occurring at active spreading centers.
In order to compare the marginal basins with the deep oceans we wished to separate the data into the same age provinces and plot the mean and standard deviation versus age. As the age of many marginal basins is unknown, this is not as straightforward as it first appears. For those basins where magnetic lineations have been identified or where deep-sea drilling holes have been sited, ages can be assigned in a fairly straightforward manner. For the others this in'formation is not available, and a different approach must be taken. (Tables 5a-5c ). In light of the high sedimentation rate of these basins, such ages should be treated with caution. The ages predicted in this manner for four basins in the western Pacific are of particular interest. The Ryukyu Trough is Miocene or younger, and the Japan, China, and Okhotsk seas are Oligocene. For basins where no magnetic, deep-sea drilling, or heat flow information is available we estimated the age from the surrounding geology.
Having assigned ages to all the marginal basins, we separated the data into age provinces and plotted the mean and standard deviation versus age ( Figure If McKenzie, 1978]. They differ principally in their lower boundary condition. In essence, there are two ways of handling this condition: the first is to specify the heat flux at the base of the plate and allow the plate thickness to vary; the second is to keep the plate thickness constant and to specify the temperature at the base. Two mechanisms have been suggested to maintain the constant heat flux at the lower boundary: shear stress heating associated with plate motion [Schubert et al., 1976] or the heat produced by a uniform distribution of radioactive elements in the upper 300 km of the mantle [Forsyth, 1977] . In contrast, various authors [Richter, 1973; Richter and Parsons, 1975; McKenzie and Weiss, 1975] First, as it is generally accepted that convection occurs in the mantle, there is no necessity for shear stress heating or large heat production rates. Second, the thermal stabilities of the constant heat flux models have not been investigated, and they are incomplete. The convection model can be approximated by a constant temperature at a fixed depth with all the convective transport of heat confined to the origin. This al- [Lambert, 1976] and probably resulted in the existence of more plates and a greater area of young oceanic crust [Bickle, 1978] . However, irrespective of the model favored, it is to be expected that Precambrian crust will exhibit large differences in age. This is observed, and the radioactive ages extend from 3800 to 600 Ma.
For our purposes it is not important which model is preferred. Both the reworked or newly created continents are assigned the age of the last orogenic event, and both involve a vertical and horizontal gradation of the metamorphosed rocks as is observed today. One important consequence is that the lower continental crust is depleted in chemically combined water and radioactive trace elements such as uranium, thorium, and potassium.
Reworking or accretion of continental crust has probably occurred over short inte _rvals of time (200 m.y.) at specific pehods in the past [Moorbath, 1977; Windley, 1978 ]. There were two major pulses in the Archean, one at the beginning, 3800-3700 Ma, the other at the end, 2900-2700 Ma. In the Pro- We decided to separate the continents into four age groups. The first comprises all continents with ages greater than 1700 Ma including the Archeart, the Aphebian, and the orogenic pulse between 1900 and 1700 Ma. The second group extends from 1700 to 800 Ma and covers the entire Helikian and the first portion of the Hadrinian. The third group is from 800 Ma, the early Hadrinian, to the start of the Mesozoic at 250 Ma. Finally, the fourth group is the Mesozoic and Cenozoic. It encompasses the present episode of plate motion and creation of sea floor. All the relevant information documenting our estimates of the age of crust on individual continents can be found in Appendix B.
A detailed discussion of the philosophy fundamental to our approach in determining the age of the basement can be found in the work of Hurley and Rand [1969] . In essence, we have tried to assign the age of the last thermal event rather than the primary age. These two ages are sometimes quite different. As we separate the continents into only four age groups, the error introduced in the heat loss calculations is not large. However, these differences could present a problem to the interpretation of the relationship between heat flow and age, especially in the late Proterozoic and Phanerozoic. We return to this question at the end of our discussion of continental heat flow.
Continental Heat Flow Measurements
The variation of heat flow on continents is a function of a variety of geologic factors and a suite of environmental and measurement problems. The major geologic factors include orogenic history, the amount of radioelements in the crust, N is the number of values, rn is the mean in/zcal/cm 2 s (mW/m2), and o is the standard deviation in/zcal/cm 2 s (mW/m:).
*All values thought to be close to basement outcrops have been neglected.
- evidence that the heat flow is approaching an equilibrium value in provinces older than 800 Ma. We explain the remaining scatter later in this section. The equilibrium value is higher than previous estimates (Table 7) 
Heat Flow and Surface Heat Production
The distribution of the main radioactive heat-producing elements, U, Th and K, has received much attention and several of its features are now well documented. The radiogenic heat production is a scalar quantity which is highly variable on the surface of a continent, on both small and large scales. Detailed seismic studies, using reflection and refraction, have revealed that the crust has a complicated structure, heterogeneous to the depth of the Moho. The crustal thickness is highly variable, both on a small scale, for a given tectonic unit, and on a large scale, from one unit to another [Mueller, 1978; Berry, 1973 [Smithson, 1978] have revealed variations at depth comparable to those observed from geological observations at the surface. As a consequence the picture of a layered crust must be either abandoned or, at best, accepted only as a crude average. This complexity prevents the direct estimation of either the amount or the distribution of the radiogenic elements in the crust. • Work done since 1975 confirms these values (see Table 8 ). Rao and Jessop [1975] 
N is the number of values. The range and mean are in ttcal/cm 2 s (mW/m2).
In general, intrusion and erosional processes are dominant, and the heat flow, though scattered, has a high mean value. With time, tectonic activity terminates, magmatic sources cool, and the rate of erosion decreases. Thus the heat flow tends to equilibrium. In areas where the heat flow is initially low, there is an increased heat input from below, and low values are no longer observed. Sometime between 250 and 800 Ma these perturbations become negligible (Figure 16 ). To obtain a better estimate of this time scale, it is necessary to concentrate on the Phanerozoic and to take into account variations in surface heat production. From our preliminary plot of reduced heat flow versus age we suggest that the time constant is of the order of 200-300 m.y. (Figure 19 ). At present it is not possible to give a more precise figure because of the large scatter in the data. Assuming a thermal diffusivity of 0.01 cm2/s, the associated thermal diffusion length scale lies betwen 100 and 200 km.
In the early Proterozoic and Archcan crust there is still some scatter in the heat flow. This is probably due to variations in the surface radioactivity. These variations can have two causes. On a large scale (100 km or more) they can be directly associated with horizontal changes in the geologic environment. On a small scale (within an individual pluton) they can be created by weathering [Lachenbruch, 1970] The outflow of heat through the continents is the result of a suite of factors such as orogeny, the vertical distribution of heat-producing elements, and erosion. Because continental creation generally results in a thickening of the crust and change in the vertical distribution of the heat-producing elements, it is not obvious that the decrease in the observed values is directly related to the thermal time constant of the continental lithosphere [England, 1978] . We suggest that the reduced heat flow gives the most reliable estimate and find that it is of the order of 300 Ma. To obtain a better value, the relation between surface heat flow, surface heat production, erosion, and orogeny needs to be examined more carefully for the Phanerozoic. Such a study requires an analysis on a local scale and has not been attempted in this paper. However, our analysis yields an upper bound for the time constant of orogenic events. It is interesting to note that orogenies throughout the geologic record occur in pulses of the same duration.
In summary, we observe that continental heat flow is high but variable in young regions and decays to a value of 1.05 +_ 0.29 pcal/cm 2 s (44 +_ 12 mW/m :) through the early Proterozoic and Archean crust ( Table 7) . The high but variable heat flow is related to the processes by which continents are created or modified. Once the effects of these processes have died out, the scatter about the equilibrium flow is caused by variations in surface radioactivity and/or erosion. Our global model is not intended to account for local perturbations, and to get a more detailed picture, it will be necessary to consider processes such as intraplate vulcanism, zones of weaknesses [Sykes and $bar, 1973] , and crustal thinning [Chapman and Pollack, 1975b; Lachenbruch, 1979 and equations are given in Appendix C. Beyond 1 Ma both this and the original plate model give exactly the same results for both heat flow and topography [Lister, 1977] .
We compared for each age province (1) the theoretical heat loss through the upper surface, (2) the theoretical flow entering the base of the plate by conduction, and (3) the heat loss given by the observed values (Table 10) 
Heat Loss Through the Continents
In a previous section we have established a general relation on continents between heat flow and age. Here we use this relation and the separation of the continents into age provinces to estimate their total heat loss. Continental heat flow measurements are considered to be more reliable than those on the ocean floor because they are made at greater depth and involve direct inspection of the local environment. Only largescale steady state water circulation remains undetected [Lewis and Beck, 1977] . In the younger regions the scatter in the heat flow values is high, but the error in the total heat loss is likely to be minimal because the corresponding areas are small. We calculated the total heat loss for each continent separately, first by multiplying the observed mean flow by the area of each age province and then by summing the resultant values (Table 11) rica and Madagascar, where the value is lower, and Australia, where the value is higher (Table 11) and better conductivity measurements in more recent publications. Also, a small amount is a result of concentrating on the orogenic age rather than the age of the last thermal event.
We may have included the effects of more recent extensional events in the older province. To a first approximation we can use our analysis (Tables  10-12 and B 1) to separate the heat lost at the surface of the earth into (1) that due to convective processes, (2) that resulting from conduction through the lithosphere, and (3) that caused by radioactive decay within the continental crust. If we assume that half the heat flow through the youngest continental crust arises through magmatic activity, then convective processes, which we define here to include plate creation, ac- 
THERMAL STRUCTURE AND THICKNESS

OF THE LITHOSPHERE
Introduction
In the first part of this review we have deliberately concentrated upon the observations and have kept speculation to a minimum. In the second part we investigate the thermal structure beneath oceans and continents and present an integrated review of some of the new but speculative ideas that have recently appeared on the development of the lithosphere. We approach the question of lithospheric thickness from a uniformitarian viewpoint. Can we apply the concept of a thermal boundary layer, which has been so successful in the oceans, to the continents? Further, is this concept of value in examining the creation of continents and their development through When describing the lithosphere we use the model of a flat plate with a constant temperature at its base. Any process which creates a significant component of additional heat at depth will produce the oceanic observations [Forsyth, 1977] . This could be shear stress heating [Schubert et al., 1976] , radioactivity in the upper 300 km [Forsyth, 1977] and 38 mW/m2). We have picked thermal conductivities of 6 and 8 x 10 -3 cal/cm øC s (2.5 and 3.4 W/m ø C) for the crust and mantle. The value for the mantle is the mean thermal conductivity determined from the equations relating heat flow and depth to age for young crust [Lister, 1977] . We assume throughout these calculations that the radioactive contribution from the mantle is negligible. Given the large number of variables which affect the calcu- [Steckler and Watts, 1978] , and the wells off Nova Scotia [Keen, 1979] .
It is difficult to
Most Phanerozoic continental basins have been subjected t ø successive pulses of sedixaentation. Each major pulse is characterized by complex initial conditions followed by an exponential increase in depth. EXamples of such regions are the North Sea and the Sverdrup Basin [Sweeney, 1977] . In con- The age range for the subsidence data is not always the age range of the basin, as the wells do not always reach the base of the sedimentary layer. We consider only the post-Mid-Cretaceous subsidence of the North Sea. trast the four Phanerozoic basins, Kansas, Elk Point, Appalachian, and Michigan, have a simpler history [Sleep, 1971] (Table 13) Three models have been proposed which underline the importance of the lithosphere in the formation of these basins.
The first involves thermal doming, followed by erosion and then thermal relaxation with sediment being deposited in the hole left by the eroded material [Sleep, 1971] . If the continental plate thickness is of the order of 100-150 kin, the subsidence will be exponential with a time constant of roughly 60 million years. This model has two problems. First, only as much sediment can be deposited as is eroded; and second, erosion increases toward the center of the basin. Neither feature is observed. Two other models, the first involving extension by dyke intrusion and the second extension by stretching of the lithosphere [McKenzie, 1978] , have been proposed. Both models involve extension and the replacement of light crust by dense asthenosphere. They do not require extensive erosion to produce the basin.
In passive regions where the dominant regime is extensional the stretching model with lithospheric attenuation is favored. In complex compressional regions, such as the Alps and the Carpathians, the initial subsidence is less uniform, and it is probable that some other mechanism such as localized dyke intrusion or subcrustal extension also occurs. In the following discussion we do not separate between the models and for simplification analyze the data within the framework of the stretching model [McKenzie, 1978] .
During the extensional phase the upper crust cracks by brittle failure and extends along low-angle listric faults, the lower crust flows ductilely, and the lithosphere attenuates. There is much faulting, and horst and grabens are formed. Though most of the area subsides, some is elevated. Following this phase, general subsidence commences. After 50 million years, processes at the bottom of the lithosphere become dominant, and the basin subsides exponentially to a constant depth.
The similarity between Mesozoic and Cenozoic basins and shelves and the ocean floor can be extended back to the early Proterozoic (Table 14) . For example, the Proterozoic basins of southern Africa can be separated into a suite of clearly defined basins with well-dated basement and overlying volcanics [Anhaeusser, 1973; Hoffman, 1973] . The floors of these basins are continental and the sediments have been deposited uniformly in shallow water. Two other Proterozoic basins, the Hamersley from Western Australia [Button, 1976] and the Coronation geosyncline [Hoffman, 1973] The heat flow through old oceans is close to that through old continents. In the past it was proposed that the radioactive elements were more abundant in the thicker continental crust.
Thus the heat flow at the base of the crust was lower under continents than under oceans. However, in our analysis we have found that the heat flow through the old continents is in general higher than that through an equilibrium ocean and that the contribution from radioactivity is lower than was previously assumed. Thus we have proposed a model in which the temperatures at depths greater than 100 km are the same Figure  25) . Fundamentally, the model of a fiat plate is a way of reconciling the mechanical and thermal behavior of the lithosphere. The two behaviors are not always consistent, and they are also not directly related to the seismic structure in the upper mantle. Note that the total thickness of the thermal boundary layer is greater than the plate thickness as previously determined. The rigid portion in which the dominant heat transfer mechanism is conduction is less than the plate thickness.
We compared our range of continental geotherms with this model (Figure 25) . The oceanic geotherm lies between our two continental geotherms and, as was explained before, is compatible with the results derived from geothermometry and geobarometry. There is no evidence for a major difference between the temperature structure under an equilibrium ocean and an old continent.
The original arguments which are presented to justify the difference in lithosphere thickness came from the conductive interpretation of heat flow measurements and surface wave dispersion studies [Brune and Dorman, 1963] . We now reevaluate the constraints placed upon thermal models of the upper mantle by seismological observations. Such seismic studies fall into two categories: (1) [Sipkin and Jordan, 1975] , the position of the earthquakes chosen for the surface reflection points, and the errors in the delays the difference between the old oceans and the shields is not large. Furthermore, from long-period Rayleigh wave velocities and taking account of lateral heterogeneities within oceanic plates Okal [1977] showed that all observational seismic data related to shields were not significantly different from oceanic models below 250 km. He points out that the velocities derived from the models of Jordan [1975] are inconsistent with the set of data that he used. Cara [1979] , using higher Rayleigh wave modes which are more sensitive to the structure at depth, showed that the differences between oceans and continents are confined to depths of less than 250 km. At shallower depths he finds as much variation between the western and eastern United States as between a path across the Pacific and the eastern United States. He also shows that the slight lowvelocity zone which is not required w•hen inverting the fundamental mode data for the eastern United States is required by the inversion of the higher modes.
Surface wave data are strongly dependent upon the age of the ocean floor [Forsyth, 1977] and show large variations for periods less than 140 s, indicating variation in the shear wave structure above 200 kin. Below this depth all the data are compatible with the same model [Okal, 1977] . If small-scale We have stressed the importance of local geologic variables. Over two thirds of the surface heat is lost by plate creation and continental orogeny, 20% by conduction, and the rest by the radioactive decay of heat-producing elements in the crust. Convection is the dominant mechanism by which the internal heat of the earth is released.
We conclude from a careful analysis of the thermal structure of the lithosphere that there is no observable difference between the geotherm for old continents and that for an ocean at equilibrium. However, there is some evidence from seismology that there may be significant shear wave velocity differences at depth even if the temperature differences are not large.
As well as answering some questions this study has revealed a few problems in the interpretation of oceanic heat flow data. We have deliberately taken a uniformitarian approach. This is permitted by our present knowledge. Some problems remain, and the most important is the interpretation of the seismic informatien. However, it is possible to interpret this information in a variety of different ways, some of which are compatible with our approach to the thermal data. In light of the lack of constraints placed by the seismic information we prefer a simple interpretation of the heat flow data. Hence we favor a model which has a similar thermal structure at depth beneath an equilibrium ocean and an old stable continent.
APPENDIX A: RELATION BETWEEN AREA AND AGE
FOR OCEANIC CRUST
We calculated the position of isochrons on the deep-sea floor using three techniques: (1) magnetic anomaly identifications, (2) deep-sea drilling samples, and (3) rotating the present ridge axis through appropriate rotation parameters. For the marginal basins we determined the age of the sea floor using the first two techniques and a relation between age and mean heat flow established earlier in this paper.
Magnetic Anomaly Identifications
We superimposed identified magnetic lineations upon an interrupted equal area chart of the world [Goode, 1923] We have assumed that the 2000-m contour on the continental shelf marks the break between continent and ocean. This is an oversimplification, but on the scale of our analysis any errors introduced can be neglected.
Position of the Isochrons
We used the magnetic anomaly compilation, the basement ages inferred from sediment recovered in deep-sea drilling holes, the above time scales, and published plate reconstructions to draw the isochrons on the equal area chart of the oceans. We determined the position of the isochrons in the Atlantic by rotating the ridge axis about the poles and by the angles given by $clater et al. [1977] . For the Southwest Indian and America/Antarctic ridges we calculated the position of the isochrons by rotating the ridge axis by the rotational parameters given by Norton and $clater [1979] . Care was taken not to violate the basic concepts of plate tectonics in the development of the Azores, central Atlantic, and Bouvet triple junctions.
In the North and South Pacific, except for the Macquarie Ridge, the East Pacific Rise, and the Chile Rise before 9 Ma, we used the magnetic lineations to determine the position of the isochrons. For the two youngest isochrons we rotated the ridge axis through the appropriate rotation parameters of Minster et al. [1974] . In the Indian Ocean the isochrons on the Southwest Indian Ridge from present to 80 Ma, on the Central Indian Ridge from present to 35 Ma, and on the Southeast Indian Ridge from 0 to 53 Ma were determined by rotating the ridge axis through the rotation parameters from Norton and $clater [1979] . For the Red Sea we assumed that it had opened at 20 Ma and since then had spread at a constant rate. In the case of the marginal basins we used published magnetic lineations and sediment recovered from deep-sea drilling holes. However these data are not sufficient to permit ages to be assigned to more than half these basins. In the text we justify a relation between heat flow and age for these basins. Where other data are not available, we applied this relation. In the Arctic Ocean we estimated the age from the heat flow. For the Bering Sea we followed Cooper et al. [1976] . We assumed that the Kamchatka Basin was young and used the heat flow to estimate the age of the Sea of Okhotsk and the Sea of Japan. In the North Pacific marginal basins we estimated the age of the Ryukyu Trough, Celebes Sea, Scotia Sea, Andaman Sea, and South China Sea from the heat flow. We took the age for the Mariana Trough from Karig [1971] , and for the rest of the basins we used either magnetic lineations (West Philippine Basin and Shikoku Basin) or the sedi- [Chinese Geological Society, 1975] . We assigned the Russian platform between the Urals and the Siberian platform the younger age of the tectonic chart rather than that given by Hurley [1971] . In essence, we have given this area the age of the oldest sediments deposited rather than the crustal age of basement. In this particular case we believe such an assignation is justified by the great thickness of sediments which larger area in the interval prior to 1700 Ma. The increase in the latter interval is expected. As more radiometric age dates on continental basement are published, it is becoming apparent that the area of the oldest portions of the Precambrian has been underestimated in the past. On the other hand the problems of relating radioactive age to orogenic age still exist. Thus we have inadvertently included a few youthful orogenic regions in the older provinces. This is particularly true on the Russian and West Siberian platforms. Until this problem in continental tectonics is resolved, age/area estimates based on basement radioactive ages must be considered at best good estimates rather than quantitative values. Heat We give in Table C 1 the theoretical heat flow at the discrete ages that we used to define the isochrons on the oceanic crust, together with the cooling half-space solution of Davis and Lister [1974] and the exponential approximation of Parsons and Sclater [ 1977] which is asymptotic to the plate solution as time goes to infinity. We list in Table C2 the three corresponding expressions. We make the computations for plate velocities of 1, 3, and 5 cm?yr and find little difference in the results, even for the earliest ages. The theoretical values derived from (C2) are in good agreement with the other values.
In Table C3 we give the mean heat flow through the upper and lower surfaces of the plate for the time intervals defined by two consecutive isochrons. The same plate velocities are used, and the results differ slightly before 9 Ma. 
